The Cambrian explosion is a grand challenge to science today and involves multidisci- 
INTRODUCTION
The broad outline of Cambrian diversification has been known for more than a century, but only in the post-genomic era have the data necessary to explain the nature of the Cambrian explosion. This problem originated in the disciplines of paleontology and stratigraphy, while the debate about it may be as old as the problem itself [1] [2] [3] . Some ascribed the Cambrian explosion to intrinsic causes, while others believe that it may have been triggered by environmental factors. Innovative ideas exploded in the past decade with new fossil discoveries and progress in biogeochemistry, molecular systematics and developmental genetics [4] [5] [6] [7] . However, we still need insights from other fields such as genome size evolution, self-organization, complexity theory and the holographic principle [8] [9] [10] [11] to fully resolve this long-running problem.
There is a profound relationship between the Cambrian explosion and the C-value enigma.
Why did so many complex creatures appear in the late Neoproterozoic and Cambrian, but not earlier or later? We believe that the nature and timing of the Cambrian explosion can be determined by the evolution of genome size (see the schematic in Supplementary Figure 1 ). We invented a "C-value clock" to calculate the time of the Cambrian explosion based on genomic data. The basis of the C-value clock depends on the notion that the evolutionary relationship can be revealed by the correlation of protein length distributions and the genome size evolution can be taken as a chronometer.
The start of our theory is a formula for evaluating genome size (namely C-value) of different species. According to this formula, major component questions of the C-value enigma can be solved and the genome size evolution can be illustrated. Consequently, the genome size evolution can be taken as an accurate chronometer to study the macroevolution. We found a unique turning point in genome size evolution and calculated the time of the turning point, which corresponds to the Cambrian explosion. We believe that the Cambrian explosion was es-2 sentially a major transition of biological complexity when the prokaryotic complexity reached its maximum value. We suggest that the biological complexity is supervised by the maximum information storage capability in the observed universe.
RESULTS AND DISCUSSIONS
Genome size evolution. Genome sizes vary extensively in or between taxa. We found that the genome size S can be determined by two variables: the noncoding DNA content η and the correlation polar angle θ. Hence we obtained an empirical formula of genome size for any contemporary species:
where s 0 = 7.96 × 10 6 base pairs (bp), a = 0.165 and b = 0.176 were obtained by least squares based on the data of S, η and θ for 54 species (see Supplementary Table 1 and 2).
We also obtained another empirical formula of gene number N(η, θ) = 1.48 × 10 4 exp( ) and the relationship between non-coding DNA and coding DNA for eukaryotes log N nc = 2.81 log N c − 12.5. The predictions of the formulae agree with the experimental observations very well (Fig. 1a, 1b) . The empirical formula of genome size is the start of our theory, which can be verified by many agreements between its predictions and experimental observations (especially the detailed agreements, Fig. 1, 3 
and 4).
The formula of genome size for contemporary species can help us write down the formula of genome size evolution from t = T 0 = 3, 800 million years ago (Ma) (the beginning of life [12] ) to t = 0 (today). We introduced a function s(t) to describe the overall trend of the genome size evolution according to the distribution of species in the η − θ plane. This is the main assumption in our theory. We can distinguish two phases in genome size evolution (Fig.   2a) . In phase I, all the species in the lower triangle of the η − θ plane are simple prokaryotes and their non-coding DNA contents are low. In phase II, all the species in the upper triangle of the η − θ plane are eukaryotes, and the non-coding DNA content increased to the maximum value η * . It is reasonable, therefore, to take the critical event that divides the two phases as the Cambrian explosion.
Thus, we can obtain the formula of genome size evolution: s I (t) = s 1 exp(t/τ 1 ) for phase I and s II (t) = s 2 exp(t/τ 2 ) for phase II, where s 1 = 1.98 × 10 7 bp, τ 1 = 644 million years and s 2 = 1.65 × 10 9 bp, τ 2 = 106 million years (Fig. 2b) . The result qualitatively agrees with the straightforward (but a little coarse) estimation of genome size evolution in Ref. [13] in that (i ) both genome size evolution increase exponentially (namely linearly in Fig. 2b ) and (ii ) there is a unique turning point in genome size evolution for our result or for the estimate (Fig. 2b) . As expected, the dividing value of genome size in our theory s I (T c ) = s II (T c ) = s 0 agrees with the maximum prokaryotic genome size in observation [8] .
Explanation of the C-value enigma. The C-value enigma is apparently concerned with the lack of correlation between genome size and morphological complexity but profoundly with the nature of the Cambrian explosion. According to the genome size formula, we obtained some general properties of genome size evolution, hence major questions of the C-value enigma can be explained.
According to the genome size evolution formula, we can distinguish two speeds of genome size evolution. In phase I, the genome size doubled in about every 466 million years on the whole. And in phase II, the genome size doubled in about every 73 million years on the whole.
So, the speed of genome size evolution for phase II (mainly non-coding DNA increasing)
is much faster than that for phase I (mainly coding DNA increasing). The pattern of expo-4 nential increment can be simply understood by the relation ∆s(t) ∝ s ∆t for the two phases respectively. The overall picture of the genome size evolution reflects the entire roadmap of the biological complexity evolution, which is helpful to understand the macroevolution.
The Cambrian explosion can help to account for the genome size ranges in taxa. All phyla appeared almost simultaneously in the Cambrian explosion. In the evolution, therefore, η increases fromη to η * for each phylum (Fig. 2a) . The genome size in a phylum varies by about ∆ = lg exp η * −η a ∼ 2.4 orders of magnitude (Fig. 3) . The history of a class is generally shorter than that of a phylum. So the genome size range in a class is less than that in a phylum, which varies by about δ = lg exp ∆θ b ∼ 0.5 orders of magnitude ( Fig. 3) , where the uncertainty ∆θ is estimated by 0.2 ( Fig. 2a) . Furthermore, we can explain the lack of correlation between genome size and morphological complexity. The origin of phyla in the Cambrian explosion related to the appearance of kernels of gene regulatory networks, whose complexity varied notably. But the C-values of species in different phyla did not vary notably [5] . So the discrepancy between genome size and eukaryotic complexity happened from scratch ( Fig. 3 ).
Three clusters of prokaryotes C Gram− , C Gram+ and C small can be distinguished in the lower triangle of the η − θ plane (Fig. 2a) , where Gram negative bacteria, Gram positive bacteria and bacteria with small genome size are in the majority respectively [14] . We evenly distributed 6038 dots (representing "species") in three symmetric areas enclosing C Gram− , C Gram+ and C small in Fig. 4a (the same areas with Fig. 2a) . After projecting the three symmetric areas in plane by the non-linear transformation Eqn. 1, we obtained three asymmetric areas Fig. 4c . Finally, we obtained the prokaryotic genome size distribution in Fig. 4b by counting the numbers of species in each genome size section with identical width in Fig. 4c . 
Timing of the Cambrian explosion.
This is the formula to calculate the Cambrian explosion time by C-value clock, which radically differs from molecular clock estimates (Fig. 2c) [15] [16] . The value η * should be of the species whose η is the largest and whose complexity is the greatest. The best choice is no other than human: η * = 0.988 [17] [18] . Therefore, we obtained the Cambrian explosion time
Ma. Our result agrees with the fossil records very well (Fig. 2d ).
This main result of C-value clock shows that the Cambrian explosion corresponds to a turning point in genome size evolution. It is for the first time, to our knowledge, to successfully mediate timing of the Cambrian explosion between paleontology and molecular biology. Considering the sensitive relationship between T c and η * . (Fig. 2d) , it is remarkable to calculate [19] . The appearance of genomic regulatory systems may be a prerequisite for the animal evolution. And the phylum-specific or subphylum-specific kernels of gene regulatory networks may explain the conservation of major phyletic characters ever since the Cambrian [19] . i.e., T 0 = 3, 500 Ma, the prediction would be T c = 516 Ma. There is a notable discrepancy between the molecular clock estimates and the fossil records [16] [20] [21] . Obviously, the C-value clock works better than the molecular clocks for this problem. We can conclude that the C-value clock estimate agrees with the fossil records in principle (Fig. 2d) .
If comparing the time of evolution of life as a day, why did not the complex life appear in the morning or in the afternoon but appear around half past eight in the evening? In terms of the overall picture of genome size evolution in Fig. 2b , we can explain why the simple life had actually predominated on the planet for the first 6/7 time in the evolution. It is due to that the evolutionary speed for non-coding DNA is much faster than that for coding DNA.The
Cambrian explosion can not happen in the first half of the period in the evolution. The reason is that s 1 is always less than s 2 such that the turning point had to appear later than the time T 0 /2.
Furthermore, it can be illustrated that the Cambrian explosion must happen very late because s 1 is in fact much less than s 2 at present, namely, the slope for the evolution of non-coding DNA is much steeper than the slope for the evolution of coding DNA (Fig. 2b) .
Nature of the Cambrian explosion. The formula of genome size evolution opens up an opportunity to investigate the entire roadmap of evolution based on biological complexity. It is observed that the biological complexity increases faster and faster but not smoothly [22] [23] [24] . The pattern that mass extinctions followed by rapid evolutionary radiations is widely considered to have fundamentally shaped the history of life. But it is not the answer to the case of the Cambrian explosion. The evolution is not only a mixture of accidental events. The one with less perseverance can never spend billions of years to assemble a jaguar by quarks! An overall mechanism of the evolution is required to explain the Cambrian explosion. The genome size evolution is just a problem on macroevolution. In our theory, the function s(t) represents not only the trend of the genome size evolution but also the trend of the biological complexity evolution because the prokaryotic complexity is related to the genome size and the eukaryotic complexity is related to the non-coding DNA content [18] . The turning point in genome size evolution implies that there was a critical value of biological complexity in evolution, which is supported by the fact that both the genome size and the complexity of prokaryotes have never reached the size and complexity of eukaryotes. The constraint of the prokaryotic complexity demands a leap in biological complexity. As a result, the complex organisms successfully bypassed this constraint during Cambrian.
Several attempts have been proposed to explain the maximum prokaryotic complexity [25] [26] [8] . Its existence can be explained by the theory of accelerating networks [27] . It is suggested that prokaryotic complexity may have been limited throughout evolution by regulatory overhead, and conversely that complex eukaryotes must have bypassed this constraint by novel strategies [25] [22] . We give another explanation based on Kauffman's theory and the holographic principle [9] [11] [28] . The theory of self-organization provides deep insight into the spontaneous emergence of order which graces the living world [9] . The prokaryotic complexity should be understood as a dynamical system at the level of gene networks. So we can define prokaryotic complexity by information stored in Boolean networks, which is so immense that it can reach the maximum information content I univ in the observed universe. Holographic bound in physics imposes a strict limit on the biological complexity. The information bridges between 8 biology and physics [29] [30] . We believe that the maximum prokaryotic complexity is constrained by the upper limit of information storage capacity in our universe. Hence the maximum complexity of accelerating networks in the above explanation can be given concretely.
The Cambrian explosion of animal phyla radically differs from all the other radiations such as the radiations of modern birds and mammals in the early Tertiary, because it corresponds to the unique critical event in the genome size evolution. The intrinsic reason of genome evolution determined the Cambrian explosion, during which the biological complexity leapt not only at the anatomical level but also at the molecular level. The stability of the genomic system became low before the Cambrian explosion because the old mechanism of evolution was suffocated. At this critical moment, any extrinsic factors were qualified to turn the evolution to a new direction.
Numerous complex animal body plans were destined to come at a certain time. In contrast, the causes of other radiations were full of uncertainty. The nature of the Cambrian explosion must be studied in a broader context than before. The Cambrian explosion and the origin of life were the most important events in the evolution from nonliving systems to living systems. We believe that the C-value enigma and the Cambrian explosion will help us uncover the intricate mechanism in evolution. A multidisciplinary framework has been established in our work to explain the Cambrian explosion (see Supplementary Figure 1 ), which will shed light on the essence of evolution.
METHODS
The definition of correlation polar angle θ and its biological meaning. The correlation polar angle indicates the evolutionary relationship, whose role in the C-value clock is as important as the role of sequence similarities in molecular clocks. The correlation polar angle can be defined according to protein length distributions, which helped in discovery of the formula of genome size when we fortunately realized the relationship between genome size S and the correlation polar angle θ. In the followings, we define the correlation polar angle firstly. Then we explain its biological meaning.
The protein length distribution is an intrinsic property of a species, which is defined as a
there are D n proteins with length n in the complete proteome of the species. Our data of the protein length distributions are obtained from the data of 106 complete proteomes in the database Predictions for Entire Proteomes [32] .
The normalized vector of protein length distribution d is defined by the direction of vector D:
Because there are few proteins longer than 3000 amino acids in a complete proteome (Supple- 
D(i).
And we denote the normalized vector of Z as the unit vector z of polar axis, the corresponding point of which situates at the center of the swarm of 106 points on the unit sphere (Supplementary Figure 4a ). The correlation polar angle θ of a species is defined by the polar angle of the corresponding vector of protein length distribution:
where the factor 2 π is added in order that the value of θ ranges from 0 to 1. Figure 4a) . The correlation between the two protein length distributions can be defined by their inner product
Hence we obtain the correlation matrix (C ij ) (Supplementary Figure 3a) .
We can see that the evolutionary relationship is closely related to the correlation between the protein length distributions. The correlation polar angle θ for species i can be interpreted as the average evolutionary relationship according to (compare Supplementary Figure 3a and 3b):
where θ ij = 2 π arccos(C ij ) is the correlation angle between two species and Figure 5b) on the whole. Hence, we wrote down the relation:
According to the biological data of genome size, η and θ (Supplementary Table 2 ), we obtained the empirical formula of genome size Eqn. 1 and its coefficients a, b and s 0 by least squares.
Similarly, we obtained the gene number formula
The value of η varies little for prokaryotes in both formulae and b ≈ b ′ , so the genome size is approximately proportional to the gene numbers:
which is near to the ratio in observation [8] . But such linear relationship is destroyed for eukaryotes because of the vast variation of η.
The relationship between non-coding DNA N nc and coding DNA N c for eukaryotes. The average protein length for eukaryotes is about 450 amino acids, so the logarithm of coding DNA for eukaryotes is about log N c = log(3×450 n 0 )+ 
where we let log η ≈ log 0.5 in calculation. According to the experimental observation ( Figure   1 in Ref. [33] ), we obtain the relationship log N nc = 2.82 log N c − 12.8 between non-coding 12 DNA and coding DNA for actual species on the whole if choosing two points (6.8, 6.4) and (7.9, 9.5) in Figure 1 in Ref. [33] to determine the linear relationship. Our result agrees with the experimental observation perfectly.
The genome size evolution function s(t). We can observe a right-angled distribution of the contemporary species in the η − θ plane (Fig. 2a) . The prokaryotes and the eukaryotes are separated by the diagonal line η = θ. An underlying mechanism of genome size evolution is necessary to account for the distribution. Some species originated earlier while the other originated later. As a result, the distribution of species in the η − θ plane has recorded the information of genome size evolution. Hence we can write down the genome size evolution function.
The prokaryotes situate around the horizontal line η =η = 0.115, whereη is the average of η for 48 prokaryotes (see Supplementary Table 1 and 2). According to Eqn. 1, the trend of the genome size evolution for prokaryotes increases when θ decreases. When θ is close to 1, there is few species because the genome size is too small as for the contemporary species. On the other hand, the eukaryotes situate around the vertical line θ =η and the trend of their genome size evolution increases when η increases.
We introduced a function s(t) to describe the overall trend of the genome size evolution according to the right-angled distribution in observation, whose turning point corresponds to the largest genome size of prokaryotes (Fig 2a) . It is reasonable to define that the genome size evolution function s(t) evolves leftwards along the horizontal line η =η and consequently upwards along the vertical line θ =η in the η−θ plane. This definition of genome size evolution function agrees not only with the right-angled distribution of species in the η − θ plane but also with the trend of the genome size evolution from small to large on the whole.
Derivation of Eqn. 2: the Cambrian explosion time T c . In phase I, η(t) =η, and θ(t)
decreases linearly from 1 toη, i.e., θ(t) = 1 −
. So we have
where
) and
). And in phase II, θ(t) =η and η(t) = η * − (η * −η)t/T c . So we have
where s 2 = s 0 exp(
. Finally, substituting the expressions of s 1 and s 2 into the equation 1 − η * = s 1 /s 2 , we obtained Eqn. 2.
Upper limit of the prokaryotic complexity. Boolean networks have for several decades received much attention in understanding the underlying mechanism in evo-devo biology [9] [34]. We define the network N L as a Boolean network whose nodes are all possible protein sequences with the length less than L. The size of state space of
has about 20 L nodes. According to Shannon's theory, the information stored in this network is Figure 6) . Types of prokaryotes can be interpreted by attractors of the Boolean network N L , which are robust against perturbations in evolution [34] . An actual genome of an organism can be denoted by one point amongst the total ∼ 2 20 L points in the state space of N L . Based on the consideration that the biological complexity should be evaluated at the level of gene regulatory networks, the prokaryotic complexity can be defined by the information I net stored in N L . Its value is much greater than the information stored in the genetic sequences; the latter is not sufficient to measure the biological complexity for overlooking the complexity at the level of gene networks. This definition does not apply to eukaryotic complexity, which may involve RNA regulations [22] .
We can show that the constrained maximum complexity of unicellular organisms can be explained by the upper limit of information stored in the finite space. There was a great achievement in the knowledge of fundamental laws in nature, which originated in the field of quantum gravity [35] [36] [28] . It claims that the information storage capacity of a spatially finite system must be limited by its boundary area measured in fourfold Planck area unless the second law of thermodynamics is untrue. Consequently, we can obtain the maximum information storage capacity in the observable universe as I univ ≈ 10 122 bits [37] , which is a strict limit on the information content not only for physical systems but also for living organisms. Let I net ∼ I univ , we obtained L ∼ 94 amino acids, which dramatically corresponds to the most probable protein length for prokaryotes (Supplementary Figure 2b) The ranges in genome size by order of magnitude (∆ ∼ 2.4 for phyla and δ ∼ 0.5 for classes) fit the experimental observations in general (see Fig. 1 in Ref. [31] ). In observation, the genome sizes of majority phyla also vary by about 2 magnitudes and the genome sizes of majority classes vary by less than 1 magnitude [8] . The complexity of a species inherits from the complexity of the corresponding phylum in general, so the complexity of species A in a more complex phylum can potentially outstrip the complexity of species B in a less complex phylum, though the genome size of A is much less than that of B. Hence we invented a new method of C-value clock depending on the empirical formula of genome size. The unique turning point in genome size evolution corresponds to the critical event of the Cambrian explosion. The constraint on the unicellular genome evolution resulted in the upper limit complexity of unicellular organisms. We believe that the limited information storage capacity may determine the complexity of gene networks. The origin of life and the Cambrian explosion were the most important milestones in the evolution of biological complexity from nonliving systems to living systems. The evolutionary relationship can be revealed by the correlation between protein length distributions. a, The correlation matrix (C ij ) represent the evolutionary relationship between any pairs of species i and j among the 106 species. The species in the matrix are ordered by the average protein length from short to long for archaebacteria, eubacteria, virus and eukaryotes respectively. The species can be given concretely by the serial number in Supplementary Table 2) can be interpreted as the average evolutionary relationship: the more the average correlation between protein length distributions is, the less the value of is; and the less the value of is, the closer the average evolutionary relationship is. work N L and its state space. Each node on the network N L is one of ∼ 20 L possible amino acid sequences, which has two states "on" or "off" according to the theory of Boolean networks. Each point in the state space of N L represents a "proteome" (a set of "proteins" as an attractor of the Boolean network N L whose states are "on"). The attractor is robust against the perturbations in evolution. The evolution of a species can be described by a trajectory of the evolving proteome of the species in the state space of N L . An underlying evolutionary mechanism is necessary to determine the movement of the species in the global state space of N L , so the complexity of the life system is proportional to the number of points in the state space of N L . The information stored in gene networks ( 20 L bits) reflects the complexity of the life system, which is compatible to the maximum information stored in the observed universe I univ .
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